Continental carbonate facies of a Neoproterozoic panglaciation, north-east Svalbard by Fairchild, Ian J. et al.
	 1	



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































D4	to	D7	 265	 Sandstones	and	mudstones	(D4	and	D6);	dolomite	D5	and	D7	 Playas	(D4	to	D6);	Coastal	(D7)	
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broken	up	within	diamictite.	Observed	over	100	m	laterally.	 -8.16	 0.55	 0.23	 0.70	 6	
AND	 		W3	40.5	(-4.5)	 5	 Brecciated	limestone	 -	 -	 -	 -	 -	
REIN	 		W3	56	(-6.5)	 5	 Limestone	with	scattered	sand	 -8.92	 -	 -0.44	 -	 1	
KLO	 		W3	25	(-18)	 5	 Carbonates	interlaminated	with	diamictite	at	base	of	bed.	EFK15	closely	resembles	the	middle	carbonate	layer	at	section	AND.	
-7.97	 -	 1.83	 -	 1	
-5.03	 -	 1.04	 -	 1	
KLO	 		W3	28	(-15)	 5	 Laminated	carbonates	in	diamictite.	Some	crystal	pseudomorphs	both	within	sediment	and	growing	upwards.	 -8.86	 0.4	 -0.38	 0.1	 3	




pseudomorphs	(in	dolomite)	of	ikaite.	 -9.44	 2.38	 0.31	 1.09	 4	














nodules	and	cracks)	along	specific	laminae.		 -9.78	 -	 -5.60	 -	 2	
ORM	 		W3	33	(-25)	 4	
Diamictite	rests	on	massive	stromatolitic	limestone	with	pseudomorphs	and	slump	folds	




massive	with	lot	of	early	cement.	 -9.44	 2.38	 0.31	 1.09	 4	
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Table	3.	Facies	and	facies	associations	of	the	Wilsonbreen	Formation.	The	facies	associations	are	1	
numbered	to	represent	an	environmental	continuum	as	depicted	in	Fig.	7A.		2	
	3	
Facies	Association	 Constituent	Facies	 Environmental	Interpretation	
1:	Deformed	
Diamictite		
Detailed	facies	
analysis	in		Fleming	
et	al.	(2016)	
Dominated	by	massive	diamictites,	locally	with	deformed	
stratification	with	lenticular	sand	and	gravel	bodies	(1-5	m	
thick)	with	disrupted	margins.	Locally	associated	with	
upwards-increasing	shear	of	underlying	sediment	and	
striated	boulder	pavements.		
Subglacial	till	and	channel	bodies;	
glacitectonites.	
	
2:	Fluvial	Channel	 2S:	Beds	of	0.5-4	m	very	fine	to	medium-grained,	locally	
cross-stratified	sandstone	with	erosional	conglomeratic	base.	
Some	variants	have	low-angle	accretion	surfaces	with	silt-
dominated	beds.	Stromatolitic	limestone	is	either	absent	or	
abundant,	forming	dm	packages	with	mm-cm-scale	laminae	
separated	by	sand	laminae	and	laterally	eroded	into	trains	of	
intraclasts.	
2T:	As	above,	but	lacking	carbonate	precipitates	
Ephemeral	stream	channel	sands	with	
strongly	seasonal	flows.	In	some	cases	there	
is	a	widespread	carpet	of	calcified	microbial	
mats.	
3:	Dolomitic	
Floodplain	
All	facies	contain	dolomite	with	a	positive	δ18O	composition	
that	actively	cements,	displaces	and/or	upwardly	accretes	
the	sediment.	
3D:	Nodules,	cm-	to	dm-scale	of	dolomite-cemented	silts	and	
sands	transitional	to	structureless	dm-	to	m-scale	beds	with	
floating	silt	and	sand	in	dolomite,	internal	nodules	and	
calcite-cemented	fractures	
3S:	Stromatolitic	dololaminites,	dm-scale	and	mm-laminated	
Dolocretes	representing	soil	horizons,	
typically	above	fluvial	deposits,	with	locally	
raised	water	table	
3N:	Nodular	dolocrete	
3D:	Bedded	dolocrete	
	
3S:	Subaerial	stromatolites	
4:	Calcareous	Lake	
Margin	
4R:	Rhythmites	with	mm-scale	dolomite,	limestone	or	mixed	
mineralogy	laminae,	commonly	desiccated,	alternating	with	
1-10	mm	wavy	cross-laminated	silty	sandstones.	Carbonate	
laminae	are	often	stromatolitic.	Almost	invariably	reddened.	
4I:	Intraclastic,	dm-scale,	very	fine-	to	medium-grained	
sandstones.	Very	locally	contain	ooids.	
4S:	Indistinctly	horizontally	stratified	well-sorted	fine-	to	
medium-grained	sandstone,	with	well-rounded	grains,	locally	
with	cm-scale	dolomite	laminae.		
3R:	Shallow	lake	to	playa	environment	with	
wave-reworked	sediment	alternating	with	
microbial	mat	accretion.	
	
3I:	Discrete	storm	horizons	in	shallow	
lake/playa	reworking	sand	and	stromatolitic	
carbonate	
3S:	Aeolian	sandflat	deposits	
5:	Carbonate	Lake	 5R:	Rhythmites	with	mm-scale	limestone,	dolomite	or	mixed	
mineralogy	laminae,	usually	with	stromatolitic	
microstructure	and	locally	building	dm	stromatolites	with	
cm-scale	relief.	Alternate	with	0.1-5	mm	laminae	of	
diamictite/wacke,	commonly	with	till	pellets	and	occasional	
lonestones.	Slump	folding	and	brecciation	common.	
5D:	Discrete	gravel	to	diamictite	units	with	significant	
intraclastic	debris	in	addition	to	terrigenous	gravel.	
5R:	Carbonate	microbial	mat	deposits	in	
lacustrine	environment	subject	to	seasonal	
ice-rafting	and	slope	instability.	
	
	
	
5D:	Slope-related	resedimentation.	
6:	Glacilacustrine	
Detailed	facies	
analysis	in	Fleming	
et	al.	(2016)	
	
Dominated	by	massive	and	stratified	diamictites	with	
common	lonestones	and	till	pellets.	Decimetre-	to	m-scale	
intervals	of	silty	rhythmites	occur	locally,	especially	in	
member	W1.	May	contain	lenses	of	conglomerate,	
sometimes	channelled,	and	lenses	or	thin	beds	of	sandstone	
forming	packages	which	can	be	inclined	at	up	to	20°.	
Ice-rafted	glacilacustrine	sediment	locally	
reworked	as	sediment-gravity	flows.	
Inclined	packages	form	grounding-line	fans	
(termed	proximal	glacilacustrine	on	Fig.	1)	
and	rhythmites	likewise	reflect	ice-margin	
retreat.	
7:	Periglacial		
See	Fairchild	&	
Hambrey	(1984)	
and	Benn	et	al.	
(2015)		
Decimetre-wide	sandstone	wedges	penetrating	up	to	2	m	
into	underlying	sediment	from	a	discrete	surface	that	may	
have	a	gravel	lag.	At	base	of	Wilsonbreen	Formation,	gravel	
with	ventifacts	overlying	shattered	dolostone.	
Exposed	periglaciated	bedrock	and	sand	
wedges	from	exposed	periglacial	
environment.	
	4	
	 	5	
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	6	
Figure	Captions	7	
	8	
Fig.	1.	Reconstruction	of	the	sedimentary	architecture	and	palaeoenvironments	of	the	9	
Wilsonbreen	Formation	and	its	constituent	members	(W1	to	W3).	Precipitated	carbonate	is	10	
present	in	the	palaeoenvironmental	group	called	“Carbonate	Lacustrine	and	Fluvial”	throughout	11	
W2	(except	locally	at	the	top	and	base),	also	in	W3	and	at	one	of	the	locations	in	W1	as	listed	in	12	
Table	2.	The	Svalbard	archipelago	is	shown	bottom	right	and	Spitsbergen	is	the	main	island	of	the	13	
group,	whilst	Nordaustlandet	is	the	island	to	the	NE.	The	rectangle	on	the	Svalbard	map	shows	the	14	
study	area	as	enlarged	upper	right	with	Wilsonbreen	Formation	outcrops	(red)	within	nunataks	15	
(grey)	rising	from	the	highland	snowfield.	From	north	to	south,	study	locations	are:	DRA	16	
(Dracoisen);	here	the	main	section	is	located	on	a	nunatak	informally	known	as	Multikolorfjellet	17	
with	some	additional	sampling	from	W2	at	a	second	nunatak	we	term	Tophatten	1	km	to	the	18	
north;	DIT	(Ditlovtoppen);	AND	(East	Andromedafjellet);	REIN	(a	ridge	on	South	Andromedafjellet	19	
informally	known	as	Reinsryggen);	KLO	(South	Klofjellet);	with	some	additional	observations	from	20	
a	partial	W2	section	1	km	away,	at	North	Klofjellet;	McD	(MacDonaldryggen);	GOL	(Golitsynfjellet,	21	
intermediate	between	McD	and	BAC)	–	a	partial	W2	section	was	illustrated	by	Fairchild	et	al.	22	
(1989);	BAC	(Backlundtoppen-Kvitfjellet	ridge);	PIN	(an	unnamed	nunatak	informally	termed	23	
Pinnsvinryggen);	SLA	(Southeast	Slangen	)	and	ORM	(South	Ormen).	24	
	25	
Fig.	2.	Examples	of	studied	section	outcrops.	A.	Member	W2	at	Multikolorfjellet,	Dracoisen	(DRA)	26	
illustrating	the	three	groups	of	glacial	retreat	facies	beds	(numbered	1	to	3)	separated	by	27	
diamictites	which	also	make	up	members	W1	and	W3.	B.	Member	W2	at	ORM	(South	Ormen)	with	28	
pale	sand-dominated	units	and	dark	red	finer	units.	Bedding	is	inverted	and	dips	steeply	away	29	
from	the	photographer.	C.	REIN	(Reinsryggen)	section	on	the	south	flank	of	Andromedafjellet	30	
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illustrating	Wilsonbreen	Formation	members	overlain	by	cap	carbonate	member	D1.	D.	KLO	31	
(South	Klofjellet)	section	of	the	entire	Wilsonbreen	Formation	on	steep	slopes	cut	by	minor	faults,	32	
one	of	which	is	highlighted.	E.	BAC	(Backlundtoppen-Kvitfjellet	ridge)	photomontage	from	33	
helicopter	hovering	above	the	glacier	Wilsonbreen.	The	visible	section	is	vertical	(thrust	fault	34	
shown)	and	the	accessible	part	defines	a	narrow	ridge	between	the	cliff	and	a	snowbank	on	the	35	
ridge	crest.	36	
	37	
Fig.	3.	A.	Oblique	aerial	view	of	the	McMurdo	Dry	Valleys	(1/1/1999	imagery	from	US	Geological	38	
Survey	via	Google	Earth)	with	location	arrowed	in	inset	of	Antarctica	(upper	right).	EAIS	=	East	39	
Antarctic	Ice	Sheet.	LGM	=	Last	Glacial	maximum.	Abbreviations	on	upper	right	inset:	EA	=	East	40	
Antarctica,	WA	=West	Antarctica,	RIS	=	Ross	Ice	Shelf.	The	lower	left	inset	shows	an	oblique	aerial	41	
photograph	looking	west	up	Taylor	Valley	with	cold-based	valley	glaciers	on	hillside	on	left,	ice-42	
covered	Lake	Bonney	(valley	floor,	right	)	with	the	tip	of	the	Taylor	Glacier	beyond.	B.	Despite	sub-43	
zero	temperatures,	runoff	occurs	from	the	Lower	Wright	Glacier	(an	outlet	glacier	of	the	coastal	44	
Wilson	Piedmont	Glacier)	and	feeds	the	Onyx	River.	This	stream	flows	inland	to	the	west,	45	
eventually	to	Lake	Vanda,	visible	in	A.	in	the	central	part	of	the	valley.	Note	the	aeolian	sands	46	
banked	agains	the	glacier.	C.	Oblique	aerial	view	of	Victoria	Lower	Glacier	(E	end	of	Victoria	Valley)	47	
which	feeds	a	stream	flowing	inland,	westwards	to	Lake	Vida,	seen	in	the	distance.	Aeolian	dunes	48	
tranverse	to	the	stream	are	visible	on	right-side	of	the	the	valley.	49	
	50	
Fig.	4.	Profile	of	member	W2	at	Dracoisen.	The	lithological	log	emphasizes	physical	characteristics	51	
(see	key,	upper	right)	whilst	the	assignment	to	facies	associations	(centre)	also	draws	on	52	
petrological	and	stable	isotope	information.	FA1	to	FA6	represent	an	environmental	continuum	53	
(cf.	Fig.	6)	and	FA7	is	grouped	with	FA1	as	the	terrestrial	glacial	end-member.	Each	datapoint	54	
	 79	
represents	the	stratigraphic	position	of	a	studied	sample	or	observed	lithological	boundary	in	the	55	
field.	The	oxygen	isotope	composition	of	precipitated	calcites	and	dolomites	(the	latter	adjusted	56	
by	-3	‰)	are	shown.	Mixed-mineralogy	samples	(<90%	calcite	or	dolomite	in	calcite-dolomite	57	
mixtures)	are	not	plotted.	The	same	conventions	are	used	for	profiles	of	the	other	studied	58	
sections,	which	are	presented	as	supporting	figures	(Figs.	S1-S6).	59	
	60	
Fig.	5.	Detrital	textures	and	minerals.	A.	and	B.	Paired	images	of	a	polished	thin	section	under	CL	61	
and	in	transmitted	light	respectively	of	the	matrix	of	a	silty	sandstone	(W2,	81.2	m,	Dracoisen)	62	
illustrating	the	abundance	of	faint	blue-luminescing	feldspar	and	varied	fragments	of	both	bright	63	
and	dull	red-luminescing	dolomite	in	the	mud	fraction.	C.	Thin	section,	transmitted	light.	Siltstone	64	
graded	rhythmites	(W3,	60.4	m,	East	Andromedafjellet)	displaying	several	sand-sized	till	pellets.	D.	65	
Crossed	polars.	Matrix	at	the	top	of	a	graded	silt	layer	illustrating	quartzo-feldspathic	debris	and	66	
micron-sized	dolomite,	but	no	clay	minerals	(W1,	10	m	Slangen).	67	
	68	
Fig.	6.		Summary	cartoon	of	facies	associations.	Facies	Associations	2	to	5	are	colour-coded	here	69	
and	in	isotope	plots.	The	margin	of	an	ice	sheet	is	depicted,	terminating	partly	on	land	and,	in	the	70	
foreground,	in	the	lake.	FA1	is	shown	in	a	subglacial	environment	(subglacial	sediments	are	71	
coloured	brown);	periglacial	phenomena	are	also	grouped	in	this	facies	association.	FA2	and	FA3	72	
both	occur	in	a	fluvial	setting	(sediments	coloured	yellow),	whilst	FA5	and	FA6	were	deposited	in	73	
lakes	(sediments	coloured	light	brown).	FA4	includes	both	shallow	lacustrine	and	coastal	74	
sediments.		75	
	76	
Fig.	7.	A.	Summary	of	stable	isotope	compositions	of	precipitated	carbonate,	together	with	the	77	
mean	composition	of	dolomitic	detritus.	Dolomite	and	calcite	groupings	are	separated	and	only	78	
	 80	
samples	with	>90%	of	either	dolomite	or	calcite	in	the	carbonate	fraction	are	plotted.	B.	Stable	79	
isotope	fields	illustrating	degree	of	covariance	of	the	sample	groups.	80	
	81	
Fig.	8.	Facies	association	2	(Fluvial	Channel).		A-	F	are	Facies	2S	(W2,	Dracoisen,	at	around	the	60	m	82	
level),	whereas	G	and	H	are	facies	2T.	A.	Sandstone	with	microbial	laminites	and	low-domed	83	
stromatolites	variably	broken	into	intraclasts.	B.	Stained	thin	section	in	transmitted	light	of	84	
stromatolite	microstructure	with	micrite	(M),	microspar	(S),	fenestral	(F)	and	detrital	(D)	laminae.	85	
C.	Stained	thin	section	in	transmitted	light	showing	the	broken	edges	of	stromatolitic	intraclasts	86	
with	radiaxial	calcite	cement	crusts	in	a	calcareous	sandstone	matrix.	D.	Cross-stratified	sandstone	87	
(set	30	cm	high)	with	stromatolite	intraclasts	overlain	by	current	ripple	forms.	E.	Polished	rock	88	
slice	with	arrow	denoting	micromilled	traverse	shown	in	F.	F.	Micromill	isotope	traverse	across	89	
two	micrite/microspar	lamina	and	a	central	zone	of	calcite	spar	which	has	a	much	lower	isotope	90	
signature.	G.	Sandstone	body	(with	pebbly	base)	showing	accretionary	surfaces	(e.g.	dashed	line).	91	
Palaeohorizontal	shown	by	solid	black	line.	(W2,	Ditlovtoppen,	119	m).	H.	Photomontage	of	92	
tabular	sandstone	unit	of	FA2	with	a	pebble	horizon	near	its	top	(arrowed).	It	rests	erosively	on	93	
floodplain	(FA3)	silts	and	is	overlain	by	red	lake	margin	(FA4)	sediments;	ruler	is	25	cm	long	(W2,	94	
Dracoisen,	83	m).	95	
	96	
Fig.	9.		Photomicrographs	of	stromatolitic	limestones	from	FA2.	A.	Paired	transmitted	light	97	
(left)and	CL	(right)	micrographs.	Stromatolitic	laminae	of	orange-luminescing	microspar	(MS)	with	98	
subhedral	authigenic	quartz	and	clastic	layer	(M)	including	quartz	and	feldspar	grains	(the	latter	99	
luminesces	dark	blue).	Large	fenestra	is	filled	by	radiaxial	calcite	(R)	seen	in	both	transverse	and	100	
basal	sections	and	displaying	brighter	earlier	growth	and	duller	later	growth.	These	fabrics	are	cut	101	
by	a	vein	(V)	filled	with	bright	to	dull	luminescing	calcite.	W2,	Dracoisen,	58.5	m.	B.	Stained	thin	102	
	 81	
section,	transmitted	light.	Alternating	micrite,	microspar	and	clastic	laminae	with	prominent	103	
irregular	vertical	“filamentous”	structure	of	clear	calcite.	W2,	Dracoisen,	58.5	m.	104	
	105	
Fig.	10.	FA3	(Dolomitic	floodplain).	Facies	3D	is	shown	in	A-D,	Facies	3S	in	the	others,	and	both	106	
facies	in	E.	All	of	the	Facies	3S	images	come	from	W2,	Dracoisen,	70	m.	A.	Nodular	dolocrete	with	107	
calcite-lined	vugs	in	siltstone	with	scale	in	mm	(W2,	East	Andromedafjellet,	35	m).	B.	Stained	thin	108	
section	in	plane	polarized	light	showing	matrix-supported	fabric	of	dolomite	cementation	of	sandy	109	
siltstone.	Dolomicrospar	lines	a	fenestra	which	is	occluded	by	calcite.	W2,	Dracoisen,	70	m.	C.	Thin	110	
section	in	plane	polarized	light.	Grain-supported	dolomicrite	cement	of	silty	sandstone.	The	111	
dolomite	has	a	δ18O	composition	of	+2.7	‰	and	has	a	uniform	texture	in	contrast	to	clastic	112	
dolomite	of	Fig.	4D.	W2,	South	Klofjellet,	57	m.	D.	Displacive	dolomite	cement	supporting	silt	and	113	
sand	grains.	Well-developed	structure	of	dark	nodules	which	show	different	CL	characteristics	114	
from	surrounding	dolomite	from	which	they	are	separated	by	curved	cracks.	W3,	South	Ormen,	78	115	
m.	E.	Stained	thin	section	of	interlaminated	dolomite-cemented	sand	and	microbial	laminae	with	116	
fenestrae,	some	occluded	by	ferroan	dolomite	(turquoise	arrow)	or	ferroan	calcite	(purple	arrow).	117	
F.	Stained	thin	section	illustrating	similar	fabric	to	(D.),	but	with	calcite	cementation	of	cracks	and	118	
larger	pores	(W2,	Dracoisen,	83	m)	G.	Field	photograph	of	textured	bedding	surface	of	119	
dololaminite	identified	as	microbial	mat	texture	(W2,	Dracoisen,	70	m).	H.	Polished	rock	chip	of	120	
microbial	dololaminites	with	arrow	marking	position	of	5.2	mm	micromill	traverse	(shown	in	J.	121	
below).	I.	Microbial	laminites	draping	downwards	into	underlying	laminate	whose	brecciation	is	122	
attributed	to	evaporite	dissolution	collapse.	Outlined	ruler	is	20	cm	long.	J.	Stable	isotope	profile	123	
(in	‰	with	respect	to	V-SMOW)	of	microbial	dololaminites	along	line	illustrated	in	H.	The	isotopes	124	
covary	over	a	magnitude	of	6	‰	for	δ18O	and	1	‰	for	δ13C.	125	
	126	
	 82	
Fig.	11.	FA3	(dolomitic	floodplain).	A.	Transmitted	light,	stained	thin	section.	Sandy	dolocrete	(FA3)	127	
containing	equant	nodule	cemented	by	ferroan	saddle	dolomite	(turquoise),	with	local	late	calcite	128	
(red),	interpreted	as	a	fill	of	a	small	anhydrite	nodule.	W2,	Backlundtoppen-Kvitfjellet	ridge,	74.7	129	
m.	B.	Facies	3S	stromatolite	with	fenestrae.	Paired	transmitted	light	(left)	and	CL	(right)	images.	130	
Brightly	luminescing	dolomite	may	be	primary	or	an	early	replacement	of	a	precursor.	W2,	131	
Dracoisen	69.95	m.	C.	Paired	transmitted	light	(left)	and	CL	(right)	images.	Dolocrete	showing	very	132	
fine-grained	quartz	sand	grains	floating	in	dolo(micro-)spar	with	crystals	displaying	a	common	133	
zonation	of	bright	to	dull	CL.	Displacive	primary	dolomite	growth	is	the	preferred	interpretation.	134	
W2,	Ditlovtoppen,	118.5	m.	D.	Paired	transmitted	light	(left)	and	CL	(right)	images.	Dolocrete,	135	
similar	to	Fig.	10D,	F,	with	sparse	floating	quartz	and	feldspar	(black	and	blue	respectively	in	CL)	136	
and	calcite-filled	cracks(centre)	and	pores	(base).	Uniformly	luminescing	dolomicrite	crystals,	differ	137	
in	brightness	within	nodules	presumably	forming	at	different	stages.	Calcite-filled	pores	show	CL	138	
zonation	(base)	or	no	CL	(cracks,	centre).	W2,	Dracoisen,	82.9	m.	139	
	140	
Fig.	12.	Stable	isotope	plot,	differentiating	facies	within	FA3	and	(in	purple	and	larger	symbols)	141	
samples	from	member	W3.	142	
	143	
Fig.	13.	FA4	(Calcareous	Lake	Margin).	Images	A,	B,	D	and	H-J	are	Facies	4R;	C,	E	and	G	are	Facies	4I	144	
and	F	is	Facies	4S.	A.	Laminated	rhythmic	limestones	and	silty	sandstones	with	conspicuous	145	
isolated	wave	ripple	structure	in	centre	of	view.	W2,	Dracoisen,	90	m.	B.	Sand-rich	example	of	146	
facies	4R	with	cross-laminated	silty	sands	and	dolomitic	rhythmites,	in	part	desiccated	or	eroded	147	
to	form	intraclasts.	White	areas	near	top	are	mineral	(probable	salt)	pseudomorphs.	W2,	148	
Ditlovtoppen,	109	m.	C.	Wave	ripples	with	15	cm	wavelength	on	bed	top	W2,	Dracoisen	149	
(Tophatten),	approximately	equivalent	to	the	87	m	level	on	Fig.	4.	D.	Carbonate	rhythmite	surface	150	
	 83	
cut	by	desiccation	cracks	and	bearing	salt	pseudomorphs.	W2,	Reinsryggen,	82.5	m.	E.	Stained	thin	151	
section,	plane	polarized	light	of	oolitic	intraclastic	sandstone.	Ooids	are	bimineralic	(calcite	and	152	
dolomite)	with	dominant	concentric	structure.	W3,	South	Ormen,	84	m.	F.	Part	of	scanned	thin	153	
section	in	transmitted	light.	Well-sorted	quartzose	sandstone	with	very	well-rounded	grains	and	154	
low-angle	lamination	marked	by	subordinate	interstitial	dolomite.	W2,	Ditlovtoppen,	114.2	m.	G.	155	
Stained	thin	section	in	transmitted	light.	Sandstone	with	conspicuous	stromatolitic	rhythmite	156	
limestone	intraclasts.	W2,	Backlundtoppen-Kvitfjellet	ridge,	76.5	m	(supporting	Fig.	6).	H.	Two-157	
metre	high	section	at	of	Ditlovtoppen	(108.5-110.5	on	suppl.	Fig.	1)	showing	poorly	stratified	158	
sandstone	bed	(Facies	4S)	overlying	Facies	4R	with	several	discrete	graded	intraclastic	sandstone	159	
beds	(Facies	4I).	I.	Polished	slab	of	dolomitic	rhythmites	with	desiccation	cracks	(C).	The	3.2	mm-160	
long	micromill	isotope	traverse	of	J	is	indicated.	W2,	South	Ormen,	31.3	m.	J.	Isotope	results	from	161	
the	micromill	traverse	with	lighter	isotope	values	corresponding	to	detrital	dolomite	matrix	and	162	
the	heaviest	values	(at	right)	indicative	of	precipitated	dolomite	composition.	163	
	164	
Fig.	14.	FA4	illustrating	contrast	between	detrital	and	replacive	dolomite.	A	and	B.	Paired	165	
transmitted	light	and	CL	images	respectively.	Enlargement	of	the	boundary	between	a	dolomicrite	166	
lamina	(below)	and	a	detrital	lamina	(top)	of	the	same	sample	as	in	Fig.	13I,	J.	The	detrital	layer	167	
shows	quartz	(black	in	CL),	feldspar	(blue),	a	dolomite	clast	(bright	ring)	whilst	the	dolomicrite	168	
shows	a	consistent	zonation	of	crystals	with	a	bright	core	as	well	as	some	fine	silt-sized	siliciclastic	169	
debris.	The	dolomicrite	is	interpreted	as	an	early	diagenetic	replacement	of	an	early	carbonate	170	
phase.	W2,	South	Ormen,	31.3	m.	171	
	172	
Fig.	15.	FA	5	(Calcareous	Lake)	in	member	W2.	All	illustrate	Facies	5R,	but	transitions	to	Facies	5D	173	
are	shown	in	D	and	E.	A.	Thin	section	in	transmitted	light.	Calcareous	rhythmites	with	subordinate	174	
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clastic	sediment	including	till	pellets	(e.g.	yellow	arrows).	White	areas,	1-2	mm	across,	are	mineral	175	
pseudomorphs.	Reinsryggen,	81	m.	B.	Calcareous	rhythmites	with	irregular	lamina	tops	indicative	176	
of	microbial	structure	and	growth	domes	above	vuggy	areas	with	syn-depositional	calcite	cements.	177	
Note	scale	in	mm.	Reinsryggen,	80.5	m.	C.	Sawn	and	polished	hand	specimen	illustrating	a	growth	178	
fault	across	which	the	stratigraphy	of	stromatolitic	rhythmite	layers	changes.	Note	scale	in	cm.	179	
East	Andromedafjellet,	30.3	m	–	note	this	is	a	thin	rhythmite	occurrence	within	diamictite	180	
(supporting	Fig.	1).	D.	Stained	thin	section	in	transmitted	light.	Dolomite	dropstone	(d)	deforms	181	
underlying	limestone	rhythmite	and	lies	at	the	base	of	a	coarser	resedimented	layer	including	182	
limestone	intraclasts.	Ditlovtoppen,	108	m.	E.	Lower	half	of	a	discrete	40	cm	diamictite	debris	flow	183	
unit	with	rhythmites	deformed	by	slumping	at	the	base.	Numerals	1	cm	apart	on	tape,	lower	right	184	
corner.	Ditlovtoppen,	109	m	(wedging	out	over	100	m	to	the	section	shown	in	supporting	Fig.	1).	F.	185	
Stromatolitic	rhythmites,	alternately	pure	white	and	impure	sediment-bearing	limestone.	186	
Backlundtoppen-Kvitfjellet	ridge,	77	m.	Location	of	micromill	traverse	of	G	illustrated.	G.	Micromill	187	
traverse	as	in	F	illustrating	a	systematic	shift	in	δ18O,	but	within	a	relatively	narrow	range	of	1	‰,	188	
similar	to	range	of	uncorrelated	variation	in	δ13C.		189	
	190	
Fig.	16.	FA5	(calcareous	lake)	in	members	W3	and	W1.	All	show	Facies	5R	with	various	transitions	191	
to	Facies	5D.	A.	Diamictites	of	faces	association	6	becoming	interlaminated	(yellow	arrows)	with	192	
limestone	rhythmites.	Slump	folds	in	upper	left.	Lens	cap	for	scale.	W3,	South	Klofjellet,	116.5	m.	193	
B.	Limestone	rhytmites	developing	slump	folds	upwards	and	transitioning	to	an	intraclastic	194	
diamictite.	W3,	South	Klofjellet,	116.5	m.	C.	Polished	hand	specimen	illustrating	erosional	195	
truncation	of	stromatolitic	rhythmite	laminae	by	diamictite	with	prominent	cm-scale	pebbles.	W3,	196	
South	Klofjellet,	120	m.	D.	Thin	section	in	transmitted	light	of	partly	brecciated	rhythmite	with	197	
laminae	up	to	cm	scale	with	interstitial	ice-rafted	sediment.	Equant	white	areas	a	few	mm	across	198	
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are	mineral	pseudomorphs.	W3,	East	Andromedafjellet,	63	m.	E.	Slump-folded	1-3	mm	limestone	199	
rhythmite	layers	with	interstitial	green	ice-rafted	sediment.	Scale	is	in	cm.	This	is	the	only	200	
precipitated	carbonate	horizon	in	W1	(South	Ormen,	3.5	m).	201	
	202	
Fig.	17.	Stromatolitic	fabrics	in	FA5.	A.	Transmitted	light.	Millimetre-scale	calcite	laminites	203	
separated	by	thinner	ice-rafted	laminae	and	locally	containing	till	pellets	(P).	Calcite	laminites	204	
display	peloidal	clots	and	local	fenestrae	and	have	variably	bulbous	tops.	W2,	Reinsryggen,	79.8	m.	205	
B.	Transmitted	light.	Similar	horizon	to	C.	displaying	clastic	lamina	overlain	by	clotted	and	fenestral	206	
microbial	lamina	with	bulbous	top.	W2,	East	Andromedafjellet,	13.5	m.	C.	Stained	thin	section,	207	
transmitted	light.	Dolomitic	microbial	laminate	containing	dolomicrite	and	dolomicrospar	laminae	208	
and	floating	detritus	(white).	Conspicuous	fenestrae	are	filled	by	pink-stained	calcite.	W2,	South	209	
Ormen,	31.4	m.	D.	Transmitted	light.	W2,	Reinsryggen,	79.8	m.	Faintly	clotted	(peloidal)	micrite	210	
(examples	arrowed)	and	microspar	laminae	with	intervening	calcite-filled	fenestra.	Dark	patches	211	
are	micro-till	pellets	(some	are	labelled	P),	now	partly	silicified.	212	
	213	
Fig.	18.	Crystal	pseudomorphs.	B-G	are	all	FA5.	A.	Permian	glendonite	from	South	Australia:	ikaite	214	
pseudmorphs	that	original	grew	in	glacimarine	mudrocks.	Pencil	for	scale.	Sample	provide	by	215	
Malcolm	Wallace.	B.	Transmitted	light	view	of	interlaminated	diamictites	and	laminated	216	
limestones,	microbial	in	part,	and	displaying	two	distinct	horizons	of	upward-growing	crystals.	217	
Crystals	influence	subsequent	sedimentation	pattern	and	hence	grew	into	the	water	column.	W3,	218	
South	Klofjellet,	116.5	m.	C.	Histogram	of	apparent	interfacial	angles	from	thin	sections	of	samples	219	
shown	in	B.	Modes	are	most	consistent	with	an	ikaite	precursor	(see	text)	D.	Transmitted	light,	220	
stained	thin	section	of	same	sample	as	B.	Pseudomorphs	are	composite	of	mosaics	of	zoned,	221	
mostly	ferroan	(bluish)	calcite	crystals.	Outer	edges	of	crystals	have	in	part	been	dissolved	and	in	222	
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part	silicified.	W3,	South	Klofjellet,	116.5	m.	E.	Transmitted	light.	Calcite-cemented	crystal	223	
pseudomorphs,	morphology	consistent	with	ikaite,	in	stromatolitic	limestone	.	W3,	South	Ormen,	224	
85	m.	F.	Transmitted	light.	Indistinct	calcite-cemented	probably	ikaite	pseudomorphs,	morphology	225	
probably	consistent	with	ikaite,	in	stromatolitic	limestone.	W2,	Reinsryggen,	81.2	m.	G.	226	
Transmitted	light.	Dolorhythmites	hosting	dolomite	pseudomorphs,	inferred	to	be	after	ikaite,	227	
with	varying	micrite-microspar-spar	replacive	textures.	W2,	North	Klofjellet,	67	m.	228	
	229	
Fig.	19.	Wilsbonbreen	crystal	pseudomorphs	(A)	compared	with	ikaite	crystals	(C)	and	230	
pseudomorphs	of	different	ages	and	contexts	(B,	D,	E).	A.	Polished	hand	specimen	(same	sample	231	
as	Fig.	16B.	Note	small	pink	pebble	to	left	in	diamictite	layer	overlying	top	crystal	layer.	Crystals	232	
grew	upwards	at	three	horizons	and	were	draped	by	overlying	sediments	before	being	replaced	by	233	
calcite	as	illustrated	in	Figs.	18D	and	20A.	W3,	South	Klofjellet,	116.5	m.	B.	Examples	of	“thinolite”	234	
crystals	from	Dana	(1884),	interpreted	as	ikaite	pseudomorphs	by	Shearman	et	al.	(1989).	Scale	235	
not	given	in	the	original,	but	crystals	are	typically	cm-dm-scale.	C.	Profiles	of	ikaite	crystals	236	
recovered	from	Arctic	sea	ice	by	partial	melting	(Nomura	et	al.,	2013).	D.	and	E.	ikaite	237	
pseudomorphs	from	a	Patagonian	lake	(Oeherlich	et	al.,	2013).	D,	illustrates	crystals	with	equant	238	
habit	and	stepped	faces	as	seen	by	scanning	electron	microscopy.	E.	illustrates	pseudomorphs	239	
attached	to	moss	filaments.	240	
	241	
Fig.	20.	Calcite	fabrics	of	FA	5.	A.	Transmitted	light,	stained	thin	section.	Enlargement	of	the	ikaite	242	
pseudomorphs	of	Fig.	15A	showing	relic	crystal	outlines	in	dark	micrite	and	replacive	calcite	243	
(micro-)spar	mosaic	of	zoned	euhedral	non-ferroan	calcite	overgrowth	by	ferroan	calcite.	W3,	244	
South	Klofjellet,	116.5	m.	B.	Paired	transmitted	light	(left)	and	CL	(right)	images.	Fenestral	245	
microbial	fabric	similar	to	Fig.	17D	displaying	consistent	crystal	zonation:	brighter	to	duller	in	246	
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micritic	matrix	and	sharper	zones	within	fenestral	cements.	Fabric	is	consistent	either	with	primary	247	
calcite	growth	within	extracellular	polymeric	substance	or	replacement	of	ikaite,	followed	by	248	
cementation	of	fenestrae.	W2,	Reinsryggen,	80.6	m.			249	
	250	
Fig.	21.	Vertical	(upward)	facies	transitions	in	member	W2.	For	this	purpose	FA1	and	FA7	are	251	
conflated.	The	width	of	the	arrows	is	proportional	to	the	number	of	transitions	minus	one.	The	252	
transition	matrix	shown	in	supporting	Fig.	8	indicates	that	at	least	one	vertical	transition	occurs	253	
between	each	of	the	facies	associations	except	FA1.	See	text	for	discussion.	254	
	255	
Fig.	22.	Relative	thickness	of	strata	belonging	to	the	different	facies	associations	in	the	five	256	
sections	with	comparably	thick	carbonate	facies	preserved	in	W2,	from	south	to	north.	See	text	for	257	
discussion	and	abbreviations	in	Fig.	1.	258	
	259	
Fig.	23.	Diagrammatic	summary	of	the	processes	responsible	for	variation	in	isotope	composition	260	
of	the	Wilsobreen	carbonate	and,	interpretations	of	their	parageneses	with	(at	base)	a	cartoon	261	
environmental	profile.	Large	numbers	refer	to	Facies	Associations	2	to	5.	262	
	263	
N.B.	Supporting	Information	is	supplied	as	a	free-standing	pdf	and	an	Excel	document;	supporting	264	
figure	captions	are	not	repeated	here.	265	
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